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Pheromones are substances that are released to cause a
behavioural response in a particular species, and are
commonly involved in mating and courtship. Amphi-
bians evolved in the Devonian period from freshwater
ﬁsh and it might be expected that amphibians would
have both terrestrial and aquatic pheromones. It is
known that ﬁsh have two types of sex pheromones,
namely (a) water-soluble pheromones which can attract
the male and ⁄or female, however, little is known of the
chemistry of these pheromones, and (b) pheromones
which are transferred directly to the female by the
male when they are close enough to touch, some of
these have been identiﬁed as steroidal-type molecules
[1–7].
The evidence that there are aquatic sex pheromones
in ﬁsh suggests that amphibians should carry through
(or modify) these pheromones. Because anurans pro-
duce many peptides in their glandular secretions [8],
water-soluble pheromones may be peptides. Initial
support for this proposal came from the report of a
peptide pheromone in the mud crab, Rhithropanop-
eus harrisii [9], and the isolation of attractin, a peptide
pheromone from a mollusc [10]. Alarm responses were
detected in Bufo bufo tadpoles as early as 1949 [11],
but the ﬁrst report of an aquatic male sex pheromone
from an amphibian appeared in 1995 [12–14]. This was
a small peptide, named sodefrin (SIPSKDALLK-OH),
isolated from the aquatic Japanese ﬁre-bellied newt
Cynops pyrrhogaster. A similar peptide, silefrin (SILS-
KDAQLK-OH), is the male sex pheromone of the
related aquatic newt Cynops ensicauda [15]. Both sode-
frin and silefrin are contained in the cloacal gland of
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The aquatic sex pheromone splendipherin (GLVSSIGKALGGLLADV-
VKSKGQPA-OH) of the male green tree frog Litoria splendida moves
across the surface of water to reach the female. Surface pressure and X-ray
reﬂectometry measurements conﬁrm that splendipherin is a surface-active
molecule, and are consistent with it having an ordered structure, whereby
the hydrophilic portion of the peptide interacts with the underlying water
and the hydrophobic region is adjacent to the vapour phase. The move-
ment of splendipherin over the surface of water is caused by a surface pres-
sure gradient. In order to better deﬁne the structure of splendipherin at the
water ⁄ air interface we used 2D NMR studies of the pheromone with the
solvent system triﬂuoroethanol ⁄water (1 : 1 v ⁄v). In this solvent system,
splendipherin adopts a bent a helix from residues V3 to K21. The bending
of the helix occurs in the centre of the peptide in the vicinity of G11 and
G12. The region of splendipherin from V3 to G11 has well-deﬁned amphi-
pathicity, whereas the amphipathicity from G12 to A25 is reduced by K19
and P24 intruding into the hydrophobic and hydrophilic regions respec-
tively. A helical structure is consistent with X-ray reﬂectometry data.
Abbreviation
HSQC, heteronuclear single-quantum coherence.
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the newt. The male releases the pheromone in water,
and waves its tail vigorously to distribute the pher-
omone and attract the female [12–15]. A 22 kDa
proteinaceous courtship pheromone has been discov-
ered in a terrestrial salamander, Plethodon jordani [16].
This is deposited directly onto the skin of the female
during courtship displays on land. The pheromone
comes from the mental gland (located under the chin)
of the male [16].
The ﬁrst reported anuran sex pheromone was iso-
lated from the magniﬁcent tree frog Litoria splendida
[17,18]. Monthly secretions from the parotoid glands
were collected from male and female frogs over a per-
iod of 3 years using the benign electrical stimulation
method [18]. HPLC separation of these secretions indi-
cated a minor component, contained only in male
secretions, the level of which peaks during the repro-
ductive period of the frog. This was identiﬁed as the
male sex pheromone splendipherin, a 25-residue pep-
tide (GLVSSIGKALGGLLADVVKSKGQPA-OH).
Behavioural tests carried out in a 2 · 0.65 · 0.75 m
glass tank containing a 2 cm depth of (static) water,
showed that females were attracted to the splendipherin
source at total tank concentrations as low as 10 pm.
Females noted the presence of splendipherin within
20 s of the pheromone being placed in cotton gauze at
the end of the tank. The peptide does not move
towards the female by agitation of the water (as is the
case with sodefrin and silefrin) nor is there direct
application to the female (as in the case of P. jordani).
Because recognition of splendipherin by the female
occurs some 20 s after the pheromone is pipetted into
the cotton gauze, diffusion through static water can be
eliminated as a mechanism of transfer due to the time-
scale of the diffusion process. It has been proposed
that splendipherin moves across the surface of the
water by surfactant motion [18].
In this study we: (a) conﬁrmed experimentally that
movement of splendipherin occurs on the surface of the
water, (b) used X-ray reﬂectometry and surface-pressure
measurements to conﬁrm the surface activity of the
pheromone, and (c) used 2D NMR spectroscopy to
suggest a possible ordered structure for splendipherin at
the air ⁄water interface.
Results
In this section we deal separately with three different
types of experiment, bringing these three aspects of the
study together in the Discussion. The results of the
experimental work outlined below are dealt with seria-
tim, namely: (a) behavioural experiments which show
that the pheromone splendipherin spreads rapidly
across the surface of static water; (b) the use of sur-
face-pressure measurements and X-ray reﬂectometry to
show that splendipherin is surface active, indicating an
ordered peptide structure at the air ⁄water interface;
and (c) the use of CD and 2D NMR techniques to
suggest that splendipherin may adopt a helical struc-
ture at the air ⁄water interface.
Behavioural tests with female L. splendida
When a female L. splendida was sitting in 2 cm of
water in a 2 m glass tank and 40 ng of splendipherin
in water was added to a gauze swab anchored to the
bottom of the tank 1 m from the female, she recog-
nized the pheromone within 20 s of its placement,
walked toward the pheromone source and sat on it.
The average time for the frog to reach the pheromone
source was 6 min 30 s and the success of these experi-
ments was 100% [18].
Similar experiments have been carried out with a glass
partition placed across the tank between the frog and
the pheromone source to a depth of 1 cm. Under these
conditions, when 40 ng of involatile splendipherin was
placed onto the swab, the frog did not recognize the
pheromone. When 4 lg of splendipherin was then
placed on the swab the female still made no movement
towards the pheromone source. These experiments were
carried out in the breeding season (February, in the
southern hemisphere summer) using two sexually
mature female frogs, on six occasions each. This elimi-
nates the possibility of a diffusion mechanism and con-
ﬁrms the previous suggestion [18] that the pheromone
must move across the surface of the water.
The surface activity of splendipherin at the
air ⁄water interface
In light of the surface movement of the pheromone
detailed above, the surface activity of splendipherin was
investigated by spreading 30 lL of a 1 mgÆmL)1 solu-
tion of the peptide on the surface of water contained in
a polytetraﬂuoroethylene trough. The area of the trough
was controlled by a motorized polytetraﬂuoroethylene
barrier, and surface pressure was measured as a function
of trough area. Because the amount of peptide intro-
duced to the air ⁄water interface was known (Gapplied),
the surface pressure (p) was expressed as a function of
the average area per molecule (A). To complement this
analysis, X-ray reﬂectometry measurements were made
at various trough areas (Fig. 1). These measurements
provide a measure of the volume fraction of the peptide
(/prot) perpendicular to the water surface and the
surface concentration of the peptide (Gmeasured).
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The pressure–area isotherm after spreading splen-
dipherin at the air ⁄water interface is presented in
Fig. 1. Upon compression of the layer, little change in
surface pressure was observed until an area per mole-
cule of  550 A˚2 was reached. This shows that above
this area, splendipherin exists in a quasi-2D gas state,
in which there are few interactions between the mole-
cules in the layer.
As the layer was compressed further, a steady
increase in surface pressure was observed, before
reaching a small plateau at 340 A˚2Æmolecule)1. The dif-
ference in reﬂectivity at 550 and 344 A˚2Æmolecule)1
was signiﬁcant (supplementary Fig. S2; cf. supplemen-
tary Figs S1 and S3), i.e. there was an increase in
reﬂectivity after compression, resulting from an
increase in the amount of peptide per unit area. Both
reﬂectivity datasets could be ﬁtted using a model
describing a single layer of peptide, and yielded peptide
layer thicknesses (s) of 13 (1) A˚ (ﬁgure in parenthese is
the experimental uncertainty based on the standard
deviation [52]). Although there was no change in the
thickness of the peptide layer upon compression, there
was a large increase in the peptide volume fraction
(/prot), from 0.45 (0.02) to 0.79 (0.05). This increase in
volume fraction is illustrated in Fig. 2, which shows
the volume fraction proﬁles resulting from the reﬂec-
tivity data ﬁtting.
The increase in volume fraction after compression
also resulted in an increase in the surface concentration
(Gmeasured), which was 0.8 (0.1) mgÆm)2 at 550 A˚2Æmole-
cule)1, and 1.3 (0.2) mgÆm)2 at 344 A˚2Æmolecule)1.
Good agreement between Gapplied and Gmeasured at both
areas shows complete conservation of material at the
air ⁄water interface, signifying a high level of surface
activity. These parameters and all others resulting from
the reﬂectivity data ﬁtting are summarized in Table 1.
Further compression beyond the plateau ( 340 A˚2Æ
molecule)1) resulted in a rapid increase in the surface
pressure, showing an increase in intermolecular repul-
sions as the area ⁄molecule was reduced. Effective ﬁtting
of the reﬂectivity data in this region (area ⁄molecule of
275 A˚2) could be achieved only using a two-layer model,
consisting of a dense (/prot = 0.8) upper (nearest the
air) layer and a diffuse lower (/prot = 0.12) layer
(towards the solution bulk). The thickness of these
layers was 13.3 (0.8) and 13.9 (1.3) A˚, respectively. The
resulting volume fraction proﬁle is given in Fig. 2.
At  15 mNÆm)1 (250 A˚2Æmolecule)1), a kink is
apparent in the pressure ⁄ area isotherm of splendi-
pherin (Fig. 1), and at higher pressures three regions
of decreasing slope can be seen. To investigate the
cause of this behaviour, the area of the trough was
held constant and the surface pressure was monitored
(data not shown). It was found that surface pressures
> 10 mNÆm)1 (< 260 A˚2Æmolecule)1) were not stable,
but decreased over time. This decrease was more rapid
at higher pressures.
Reﬂectivity was recorded when the ﬁlm was near the
compression maximum (157 A˚2Æmolecule)1), and the
data were ﬁtted using the two-layer model described
above. The resulting volume fraction proﬁle is shown
in Fig. 2, and deviates only slightly from that of
275 A˚2Æmolecule)1. At 157 A˚2Æmolecule)1, however, the
applied surface excess (Gapplied) was much greater than
the measured surface excess (Gmeasured), which shows
that signiﬁcant desorption has occurred (Table 1). As
discussed above, this was not observed at lower pres-
sures, where there was good agreement between Gapplied
Fig. 1. The pressure–area isotherm after spreading 30 lL of a
1 mgÆmL)1 solution of splendipherin. p is the surface pressure. The
arrows show the surface pressures at which reflectivity measure-
ments were taken.
Fig. 2. Volume fraction (Fprot) profiles of splendipherin at the air ⁄
water interface. s is the peptide layer thickness. The layer has been
compressed to give an area per molecule of 550 A˚2 (black line),
344 A˚2 (grey line), 275 A˚2 (black dashed line) and 157 A˚2 (black
dashed line).
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and Gmeasured. From this it is apparent that below a
threshold pressure of  10 mNÆm)1, there is no signiﬁ-
cant desorption of splendipherin from the surface.
These results conﬁrm that splendipherin is surface
active with dimensions consistent with an ordered
structure on the surface of water (see Discussion). The
CD and 2D NMR experiments outlined below are
designed to study that ordered structure.
NMR structural studies
Solvent
The solvent system chosen for a 2D NMR study plays
a major role in determining the extent of peptide sec-
ondary structure formation. For example, some
amphibian skin peptides are unstructured when dis-
solved in water, but when dissolved in a mixture of
water and triﬂuoroethanol, a solvent that mimics the
membrane surface, they are able to fold into the con-
formation they would adopt in a membrane-surface
environment [8]. A mixture of triﬂuoroethanol and
water can be described as a structure-promoting sol-
vent. When there is a tendency for a peptide to form an
ordered secondary structure, this solvent system will
enhance the formation of such a structure, but it will
not cause a secondary structure to form if it is not
already inherently programmed into the sequence
[19,20]. Although the mechanism by which triﬂuoroeth-
anol ⁄water enhances structure formation is poorly
understood, it continues to be a favoured membrane-
mimicking solvent [20,21]. (A reviewer indicated that
determining the structure of splendipherin in micelles
would give a more accurate picture of the 3D structure.
This is certainly true in a general sense. However, we
have previously carried out NMR studies of peptides in
both of these solvent systems, and found that any dif-
ferences are in the ﬁne detail, whereas the overall struc-
ture is little inﬂuenced by measuring the NMR spectra
of the peptide in micelles [22,23]. As a consequence we
now routinely use the triﬂuoroethanol ⁄water solvent
system for such peptides). The ratio of water to triﬂu-
oroethanol used for the NMR study was determined by
CD spectroscopy as outlined below.
CD spectroscopy
CD spectra were acquired for splendipherin in increas-
ing concentrations from 0 to 50% (by vol) of triﬂuoro-
ethanol in water (supplementary Fig. S4). In the
absence of triﬂuoroethanol, splendipherin exhibits a
CD spectrum characteristic of an unstructured peptide,
i.e. a broad minima was observed at 196–198 nm. On
increasing the triﬂuoroethanol concentration, the spec-
tra showed a predominantly a-helical structure with
two minima in the vicinity of 208 and 220 nm. The
CD study shows that at 50% triﬂuoroethanol the spec-
trum shows greatest ellipticity, indicative of a structure
with maximum helicity.
Structural studies in trifluoroethanol ⁄water (1 : 1 v ⁄ v)
It seems reasonable that the air ⁄water interface may
stabilize the peptide structure like a 1 : 1 triﬂuoro-
ethanol ⁄water mixture, as this interface has both
hydrophobic (air) and hydrophilic (water) regions [24].
NMR spectra were therefore taken in this solvent
system.
Assignment of NOESY and TOCSY spectra was
achieved using standard methodology [25]. Because of
the trend of chemical shifts towards random-coil values
in the centre of the peptide, the Ni–Ni+1 cross-peaks in
the NOESY spectrum of a number of adjacent residues
overlapped. In these cases, the ai-Ni+n, bi-Ni+1 and
ai-bi+3 cross-peaks were used to assign residues in
sequence. The resultant chemical shift data are available
in Table S1. The assigned HN–NH region of the
NOESY spectrum is illustrated in supplementary Fig. S5.
A NOE intensity diagram for splendipherin was con-
structed and is shown in Fig. 3. It indicates that the
majority of the peptide is a-helical, however, there are
some peaks that are typically present in an a helix
missing towards the C-terminus, indicating a less rigid
structure. The increased strength of daN(i,i+1) inter-
actions suggests that this region may have an extended
conformation.
Of particular importance is the observation that
dNN(i,i+3) peaks are missing in the central G11–G12
Table 1. X-ray reflectivity fitting parameters from 30 lL of 1 mgÆmL)1 splendipherin spread at the air ⁄water interface. Figures in parenthes-
ese indicate the experimental uncertainty based on the standard deviation [52].
Area ⁄molecule (A˚2) Layer s (A˚) /prot Gapplied (mgÆm)2) Gmeasured (mgÆm)2)
550 (7) 1 13.2 (1.0) 0.45 (0.02) 0.7 (0.01) 0.8 (0.1)
344 (4) 1 12.8 (0.7) 0.79 (0.06) 1.2 (0.01) 1.3 (0.2)
275 (3) 1 13.3 (0.8) 0.82 (0.06) 1.4 (0.02) 1.6 (0.2)
2 13.9 (1.3) 0.12 (0.03)
157 (2) 1 14.8 (0.6) 0.77 (0.04) 2.5 (0.03) 1.8 (0.1)
2 14.3 (1.3) 0.14 (0.02)
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region; this indicates some bending ⁄distortion of the
a-helical structure in this region. However, this region
cannot be regarded formally as a hinge, because the
a,bi,i+3 and a,Ni,i+3 NOE data in Fig. 3 show that
G11 and G12 are not fully ﬂexible.
The predominance of a helical structure for splendi-
pherin was also indicated from an examination of the
deviation from random-coil chemical shift values [25–
27] of the 1H and 13C a-CH resonances. Although a
complete set of random-coil chemical shifts are not
available for the amino acids in triﬂuoroethanol, those
which have been tabulated [28] indicate that there is
little difference between random-coil chemical shifts in
triﬂuoroethanol and water. Accordingly, for splendi-
pherin in triﬂuoroethanol, a comparison was made
with random-coil chemical shifts determined in water
[26,27]. The chemical shift differences between
observed resonances and the random-coil values, Dd,
were smoothed over a window of n ± 2 residues and
plotted against the amino acid sequence for aH and
aC resonances (supplementary Figs S6 and S7).
The a-protons in splendipherin are shifted upﬁeld in
the region L14–K19 and to a lesser extent in the region
S5–K8. [A reviewer has suggested that the small
upﬁeld shifts of the a-protons of S5–K8 (maximum
shift, )0.16; see supplementary Fig. S6) appear to be
at variance with the corresponding a-13C shifts shown
in supplementary Fig. S7 and with NOE data indicat-
ing that the region is a-helical. The reason for these
small shifts is not obvious, but similar data were
obtained in a 2D NMR study of the helical–hinge–
helical peptide caerin 1.1 (GLLSVLGSVAKHVLPH-
VVPVIAEHL-NH2), in which the maximum a-proton
shift for V5–S8, situated in the ﬁrst helical region
(L2–K11), is )0.21 [29].) This suggests that there are
two deﬁned a-helical regions [29]. The shifts from K21
onwards are slightly positive, indicating an extended
conformation (supplementary Fig. S6). The secondary
shift plot for a-carbon resonances supports this trend.
Downﬁeld shifts occur in regions S5–A9 and A15–
K19, with residues from K21 onwards showing no
helical trend (supplementary Fig. S7).
The HN 1H secondary shifts of splendipherin in
triﬂuoroethanol ⁄water (1 : 1 v ⁄ v) are shown in Fig. 4.
The magnitude of the HN secondary shifts deviates peri-
odically over three to four residues, characteristic of an
amphipathic a helix due to the differences in hydrogen-
bond lengths on either face of the molecule [30]. This
trend drops off after residue 21, conﬁrming that the
C-terminal end of splendipherin is not a-helical (Fig. 4).
NOE intensities were used as input for the structure
calculations, the structure obtained agrees with the
conclusions gained from initial inspection of the NMR
data. A total of 284 non-redundant restraints were
produced for splendipherin of which 56 were sequen-
Fig. 3. NOE intensity diagram for splendiph-
erin. The thickness of the bands indicates
the relative strength of the signal (strong,
< 3.1 A˚; medium, 3.1–3.7 A˚; weak,
> 3.7 A˚). Grey shaded boxes indicate
ambiguous NOEs. Peaks overlapped on the
diagonal have been omitted.
Fig. 4. HN 1H secondary shifts of splendipherin in trifluoro-
ethanol ⁄water (1 : 1 v ⁄ v). Negative values indicate an upfield shift
from random coil resonances, whereas positive values indicate a
shift downfield.
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tial (i,i+1), 40 were medium range (two to four resi-
dues apart) and 65 were ambiguous. Ambiguous
assignments [31,32] were countered by use of the sum
averaging method as previously described [33,34]. The
restraints are summarized in Table 2.
Analysis of the psi and phi angles of the 20 lowest
energy structures shows that there are two well-deﬁned
regions, from V3 to L10 and from G12 to K21. The
ﬁrst and last four residues were not expected to be well
structured, as the terminal residues in any peptide are
less able to form rigid secondary structure because
they lack the appropriate hydrogen-bonding network
[30], and because the entropy of the disordered state
may outweigh the enthalpic advantage of secondary
structure formation in this region. Analysis of the
ensemble energies of 20 lowest energy structures and
of the averaged structure of splendipherin was also
performed. The data from this analysis are shown in
Table 2, where <SA> is the ensemble of 20 lowest
energy structures and (SA)r is the energy minimized
averaged structure. Only three violations were present
in the ensemble, which indicates that the structures ﬁt
the NMR data very well. The maximum violation
from the ensemble was 0.4 A˚.
Fitting the structures over residues 3–10 and 12–21
shows that each region forms an a helix and that the 20
structures agree well with each other over these stretches
(Fig. 5A,B). By contrast, ﬁtting over the length of the
peptide, including residue 11, gives signiﬁcantly less
agreement because of some distortion in the centre of
the molecule (Fig. 5C). The overlaid structures were
generated using the molmol program [35].
Analysis of the angular order parameters (S, psi and
phi) of the ﬁnal ensemble of 20 structures indicated
that 18 of the 25 residues (72%) were well deﬁned
Table 2. Experimental restraints, X-PLOR energies and violation
statistics and rmsd data for the splendipherin structures.


















No. of NOES violated
> 0.3
3 0
Maximum violation 0.4 A˚ 0
rmsd from mean geometry (A˚)
Region Backbone atoms Heavy atoms
Entire backbone 2.40 ± 0.87 2.72 ± 0.76
Residues 3–21 1.18 ± 0.51 1.62 ± 0.49
Residues 3–10 0.36 ± 0.11 0.91 ± 0.27










Fig. 5. Low-energy ensemble fitted over (A) residues 3–10, (B) resi-
dues 12–21 and (C) the entire well-defined region.
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(S > 0.9 for psi and phi). This corresponds to regions
3–10 and 12–21, indicating that there is some bend-
ing ⁄distortion of the central G11–G12 region. A
Ramachandran plot [36] for average psi and phi angles
of the peptide showed that all well-deﬁned residues
were distributed within the favoured or allowed
regions for an a-helical structure, except for Q23. This
residue is bordered by a glycine and a proline, both
helix-breaking residues, and this region is not helical in
nature (data not shown). The rmsd data are listed in
Table 2, and show low values for residues within the
two helical regions.
The computed lowest energy solution structure is
shown in Fig. 6. This illustrates the bent helical struc-
ture from V3 to K21 and that the bending is mainly
around G11 and G12.
Discussion
Behavioural tests show that when a surface barrier is
placed in the tank between the frog and the phero-
mone source, the animal does not respond to splen-
dipherin. This proves that the movement of
splendipherin is not due to bulk diffusion [37]. When
the surface barrier is removed, the female frog detects
the pheromone 20 s after 40 ng splendipherin (dis-
solved in 100 lL of water) is pipetted into a cotton
swab anchored to the bottom of the tank. Because the
frog is initially 1 m from the pheromone source, the
minimum average spreading velocity of splendipherin
on the surface of water is 5 cmÆs)1.
Splendipherin is the ﬁrst reported example of an
aquatic pheromone which can move across the surface
of water rather than through it.
The high level of surface activity displayed by splen-
dipherin is illustrated by the complete conservation of
material introduced to the air ⁄water interface, and by
the high volume fraction of adsorbed peptide ( 0.8;
Results, Table 1). This high afﬁnity for the air ⁄water
interface is not shared by all peptides, as demonstrated
for the designer peptide Lac21E, which at neutral
pH, adsorbs with a maximum volume fraction of only
0.17 [38].
This surface activity results from the spatial hydro-
pathic distribution of the amino acid side chains in a
peptide [39]; hydrophilic residues interact with the
water phase, whereas the hydrophobic side chains are
situated away from the surface towards the air phase.
This is indicative of an ordered peptide structure at the
water ⁄ air interface. Such a distribution has been
shown for the surface-active fragment of myoglobin
(peptides 1–55), which adsorbs with the helical axes in
the plane of the air ⁄water interface [40]. Similar behav-
iour has been noted for the two synthetic peptides
A-peptide and His-peptide [41]. Here the authors used
a helix-inducing solvent in conjunction with CD to test
the propensity of the peptides to adopt helical confor-
mations. The peptides were then studied at the air ⁄
water interface using FTIR reﬂection absorption spec-
troscopy and surface-pressure measurements, which
showed the peptide helices orientated parallel to the
air ⁄water interface. Recent studies using the designer
peptide surfactant AM1 (and deuterated analogues)
have also shown adsorption with helices orientated
parallel to the air ⁄water interface [38,42–44]. Here the
peptide is shown to be a random coil (in water) and
converts to a helical structure upon adsorption at the
air ⁄water interface.
X-ray reﬂectometry data and surface pressure mea-
surements indicate an ordered structure for splendi-
pherin at the water ⁄air interface. Can we provide data
to support the formation of such a structure for splen-
dipherin? If adsorption at the air ⁄water interface stabi-
lizes the secondary structure of peptides of this type,
then we could utilize a structure-forming solvent for
this purpose. We used 2D NMR spectroscopy in the
solvent system triﬂuoroethanol ⁄water (1 : 1 v ⁄v) to
model the interfacial structure.
The lowest energy structure of splendipherin deter-
mined by 2D NMR spectroscopy in triﬂuoro-
ethanol ⁄water (1 : 1 v ⁄ v) is shown in Fig. 6. This is
used as a model for the structure of splendipherin at
the water ⁄ air interface. The arrangement of the hydro-
phobic and hydrophilic regions of the peptide is shown
in Fig. 7. Figure 7A shows a spatial hydropathic distri-
bution indicative of surface-active biological molecules,
with the hydrophobic and hydrophilic regions on
opposite sides of the helix. Figure 7B displays a more
random hydropathic distribution with respect to the
helical axis (the C-terminal amphipathicity is reduced
by K19 and P24 intruding into hydrophobic and
hydrophilic regions respectively), and would thus be
expected to be less surface active than the N-terminal
region of the peptide. At areas per molecule of 550
and 344 A˚2, however, a single ﬁlm thickness of 13 A˚














Fig. 6. Lowest energy solution structure of splendipherin.
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meter of an a helix ( 12 A˚), indicating a preferential
parallel orientation for the helices at the air ⁄water
interface, suggesting little or no bending of the second
fragment in the direction of the solution bulk.
When the monolayer was compressed to give a
molecular area of 275 A˚2, the formation of a second,
more diffuse layer was observed (Table 1). When
adopting a linear conformation, the limiting area of
the peptide is  420 A˚2. The formation of the second
layer upon compression can be explained by some
bending of the peptide in the subphase direction in the
vicinity of G11 and G12. Using the layer thicknesses
and the dimensions of the two fragments the central
angle can be estimated at > 30 from the horizontal
surface plane, consistent with the structure shown in
Fig. 6. Thus the X-ray reﬂectometry data can be inter-
preted in terms of an essentially helical structure for
splendipherin, as shown in Fig. 6.
Behavioural tests show that the minimum average
spreading velocity of splendipherin on the surface of
water is 5 cmÆs)1. It is not possible to calculate pre-
cisely the concentration of the spreading pheromone
on the surface (because the rate will decrease as radial
spreading increases), but a qualitative estimate can be
made at the surface above the swab. The initial drift
speed of splendipherin from the top of the swab into
the water is estimated at 1.2 cmÆs)1 (see Experimental
procedures). This drift speed decreases as the splen-
dipherin moves away from the swab; it is estimated
that splendipherin takes 1.4 s to travel 1 cm vertically
from the swab to the water surface (see Supplementary
material). If there is 5 ng of splendipherin in an area
of 1 cm2 on the surface of the water directly above the
swab, the area per molecule in that 1 cm2 area is
7900 A˚2 (see Experimental procedures). As the phero-
mone molecules on the surface move away from the
source, the surface area per molecule of splendipherin
increases. X-Ray reﬂectometry data indicate that once
the area per molecule is ‡ 550 A˚2, there is little interac-
tion between splendipherin molecules and no tendency
for the molecule to leave the surface by desorption.
The difference in surface tension between the pure
water surface and that containing splendipherin
decreases with molecular area [44–46], but there will
always be some surface pressure gradient, even when
the pheromone concentration on the surface is small.
Such a system is called a gaseous monolayer [47], and
the process can be classiﬁed within those phenomena
known as Gibbs–Marangoni effects [48–50]. It is the
surface pressure gradient that is responsible for the
movement of splendipherin across the surface of water.
Conclusions
X-Ray reﬂectometry surface measurements with splen-
dipherin demonstrate that the peptide is surface active,
adopting an ordered structure at the water ⁄ air inter-
face. The structure of splendipherin, as determined by
2D NMR studies in triﬂuoroethanol ⁄water (1 : 1), is
proposed as a model for the structure of this phero-
mone on the surface of water. The structure is essen-
tially a-helical between V3 and K21 with some
bending in the centre of the peptide in the vicinity of
G11 and G12. Splendipherin moves across the surface
of water as a consequence of a surface pressure gradi-
ent. This is a unique ﬁnding, the ﬁrst example of an
aquatic peptide pheromone which moves across the
surface of water by a surface pressure gradient.
A
B
Fig. 7. NMR solution structure of splendipherin as two fragments
(a = G1–G11 and b = G11–A25). The hydrophobic residues are red
and the hydrophilic residues blue. The models were generated
using visual molecular dynamics and are displayed in perspective
view [45].
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Experimental procedures
Synthesis of splendipherin
Splendipherin of > 95% purity was synthesized by Mimo-
topes (Victoria, Australia) using l-amino acids by the stan-
dard N-a-Fmoc method. Full details including protecting
groups, and deprotection have been reported previously [51].
Behavioural testing with splendipherin
This work conforms with the Code of Practice for the Care
and Use of Animals for Scientiﬁc Purposes (1990) and the
Prevention of Cruelty to Animals Act (1985), and was
approved by The University of Adelaide Animal Ethics
Committee.
A female L. splendida was allowed to sit for 5 min in the
centre of a 2 m aquarium containing water to a depth of
2 cm, such that the head of the animal was above water.
At either end of the tank were placed submerged cotton
swabs into one of which the pheromone was injected. The
tank had a removable glass partition situated halfway
between the frog and the pheromone source. The partition
penetrated 1 cm into the water in order to stop movement
of the pheromone on the surface of the water.
With the partition removed, addition of 40 ng of splen-
dipherin in water to a gauze pad 1 m from the frog, elicited
a distinct change in posture and an increased degree of
alertness in the animal within 20 s of the introduction of
pheromone. The female walked through the shallow water
towards the pad containing the pheromone, sat on the pad,
and remained seated until removed [17,18].
Experiments were then carried out with the partition in
place, in which ﬁrst 40 ng and then 4 lg of splendipherin in
water was added to the cotton swab. These experiments
were repeated with two different females, a total of six
times. No pheromone activity was noted.
Surface experiments
Surface ﬁlms were produced by spreading 30 lL of a
1 mgÆmL)1 (0.42 mm) solution of splendipherin in 50% etha-
nol ⁄water (v ⁄ v) on the surface of Milli-Q water (pH 6.5).
Spreading was achieved by forming a drop ( 5 lL) of the
peptide solution on the tip of a Hamilton syringe, and then
touching the water surface until 30 lL had been delivered. A
fully automated Langmuir trough (Nima 601) was used to
generate pressure-area isotherms. The trough consisted of a
polytetraﬂuoroethylene barrier which controls the area of the
trough and hence the applied surface concentration of the
peptide (Gapplied, mgÆm)2), and a Wilhelmy plate attached to
a microbalance to measure the surface pressure. A compres-
sion rate of 40 cm2Æmin)1 was used for all experiments. The
temperature of the trough was maintained at 25 C by water
circulation from a thermostat-controlled bath.
The X-ray reﬂectivities of the ﬁlms were measured at a
number of trough areas using the angle-dispersive instru-
ment at the rotating anode source of the Research School
of Chemistry, Australia National University [52]. The
CuKa radiation was selected using a graphite (002) mono-
chromator. Alignment of the instrument was achieved by
measuring the reﬂectivity of Milli-Q water and comparing
the model parameters with known values [53]. Measure-
ments were made at angles of incidence in the range
0.0–3.4 (0.00–0.48ÆA˚)1) and all data were scaled using the
critical edge of a given sample.
Reﬂectivity measurements were modelled using cxmulf
[52], a program incorporating the optical transfer matrix
method of classical optics [54]. The procedure involves
calculating the reﬂectivity, R(Qz), as a function of the
scattering vector, Qz, using s, the ﬁlm thickness (A˚), Nbx,
the X-ray scattering length density (A˚)2), and r, the
Gaussian interfacial roughness (A˚) of a series of homoge-
nous slabs (layers). The calculated reﬂectivity is then
compared with the measured one and the structural
parameters modiﬁed in a least-squares iteration. All data-
sets were ﬁrst modelled using a single slab, and a second
slab was introduced only where necessary. An example of
ﬁtting where a double layer model is required is provided
in supplementary Fig. S3. This method for ﬁtting
reﬂectometry data from proteins adsorbed at the
air ⁄water interface has been shown to be effective [55–
57].
To allow evaluation of the volume fraction of peptide,
the total volume of the peptide was estimated using amino
acid residue volumes [53,58]. Subsequently, the X-ray






where SZprot is the number of electrons in a peptide mol-
ecule, r0 is the classical electron radius (2.8 · 10)5 A˚),
and qprot is the physical density of pure peptide. Once
the theoretical scattering length density of the pure pep-
tide was evaluated, Eqn (2) was used to evaluate of the
volume fraction of protein normal to the surface plane
(/ prot) [53,55].
/prot ¼
Nbx sub  Nbx
Nbx sub  Nbx prot ð2Þ
where Nbx_sub and Nbx are the subphase and measured
layer X-ray scattering length densities respectively. The
surface excess (G, mgÆm)2) can then be evaluated using
Eqn (3):
C ¼ s/qprot ð3Þ
where s is the ﬁlm thickness.
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CD spectroscopy
CD spectra were collected on a Jobin-Yvon CD-6 spectro-
photometer at 22 C. CD spectra were collected at a pep-
tide concentration of 0.4 mgÆmL)1, pH 4.7 in H2O and
concentrations of triﬂuoroethanol from 0 to 50% (v ⁄ v)
using a method outlined in full earlier [29]. A blank consist-
ing of the appropriate water ⁄ triﬂuoroethanol ratio was run
for each sample. Each spectrum represents an average of
ﬁve scans each with a 2 s integration time, and 1 nm spac-
ing over a wavelength range of 190–240 nm. A pathlength
of 0.5 mm was used. Spectra were smoothed using a level 2
smoothing binomial algorithm.
NMR spectroscopy
The solution of splendipherin was prepared by dissolving
the unlabelled peptide (6.1 mg) in d3-triﬂuoroethanol
(0.35 mL) and water (0.35 mL), giving a ﬁnal concentra-
tion of 3.4 mm at a measured pH of 2.11. A Varian Ino-
va-600 NMR spectrometer was used for acquisition of all
NMR spectra, with a 1H frequency of 600 MHz and a
13C frequency of 150 MHz. Experiments were carried out
at 25 C, and referenced to the methylene protons of
residual unlabelled triﬂuoroethanol (3.918 p.p.m). Refer-
encing of the 13C dimension of the heteronuclear single-
quantum coherence (HSQC) spectrum was achieved using
the 13CH2 signal of triﬂuoroethanol (60.975 p.p.m). Presat-
uration allowed for suppression of the water or residual
triﬂuoroethanol hydroxyl resonance in the TOCSY and
NOESY experiments and was achieved by centring the
transmitter frequency on this resonance and applying low
power presaturation from the proton transmitter during a
1.5 s relaxation delay between scans. Gradient methods
for suppression were used in the DQF-COSY experiment
[57]. TOCSY, DQF-COSY and NOESY experiments were
collected in phase-sensitive mode, using time-proportional
phase incrementation in t1 [31,59,60]. Typically, 32 time-
averaged scans were acquired per increment, with a total
of 256 increments for each experiment. The FID in t2 con-
sisted of 2048 data points over a spectral width of
6999.7 Hz, and NOESY spectra were acquired with a mix-
ing time of 150 ms. The HSQC experiment was recorded
with an interpulse delay of 1 ⁄ 2JCH = 3.6 ms, correspond-
ing to JCH = 140 Hz. Again 256 increments, each com-
prising 32 scans, were acquired over 4096 data points in
the directly detected 1H, F2 dimension. A spectral width
of 24 132.7 Hz was used in the 13C, F1 dimension.
A Sun Microsystems Ultra Sparc 1 ⁄ 170 workstation
and vnmr software (v. 6.1A) were used to process the
resulting spectra. Data matrices were multiplied using a
Gaussian function in both dimensions before zero-ﬁlling
to 4096 data points prior to Fourier transformation. Final
processed 2D NMR matrices consisted of 4096 · 4096 real
points.
Structure calculations
sparky software (v. 3.106) was used to assign 1H reso-
nances in the NOESY spectra via the sequential assignment
procedure [25]. For each symmetric pair of cross-peaks, the
volume of the smaller peak was quantiﬁed and converted to
distance restraints using the method described by Xu et al.
[61]. 3JNHCaCH values were measured from a 1D
1H NMR
spectrum acquired with 0.047 Hz per point digital resolu-
tion. Dihedral angles were restrained as follows:
3JNHCaCH < 5 Hz, / = )60 ± 30; 5 Hz < 3JNHCaCH <
6 Hz, / = )60 ± 40; for 3JNHCaCH values ‡ 6, / angles
were not restrained.
Structures were generated using x-plor software
(v. 3.851) and a Sun Microsystems Sparc 1 ⁄ 170 worksta-
tion. The restrained molecular dynamics and simulated
annealing protocol was used [61], including the use of ﬂoat-
ing stereo-speciﬁc assignments [62]. Ambiguous restraints
were managed by sum averaging and reﬁned based on
structures resulting from preliminary calculations [34]. Cal-
culations were carried out using the all hydrogen distance
geometry force ﬁeld (v. 4.03) [63]. Sixty structures were gen-
erated initially with random backbone torsion angles and
subjected to 6500 steps (19.5 ps) of high temperature
dynamics at 2000 K. The Knoe and Krepel force constants
were increased from 1000 to 5000 kcalÆmol)1Ænm)2 and 200
to 1000 kcalÆmol)1Ænm)4 respectively. Cooling to 1000 K
followed in 2500 steps (7.5 ps), with Krepel increasing fur-
ther to 40 000 kcalÆmol)1Ænm)4, and the atomic radii
decreasing from 0.9 to 0.75 times those in the all-hydrogen
distance geometry parameter set. Final cooling from 1000
to 100 K then occurred in 1000 steps (3 ps) and resulting
structures were subjected to 200 steps of conjugate gradient
energy minimization. The 20 lowest potential energy struc-
tures produced were selected for analysis. Three-dimen-
sional structures were viewed using insight ii software
(v. 95.0, MSI) and the program molmol [35].
Splendipherin molecular area estimation
Assuming 5 ng of splendipherin (molecular mass 2364 Da)
in an area of 1 cm2 on the surface of the water, the splen-
dipherin surface density is 1.3 · 1012 moleculesÆcm)2, or
1.3 · 10)4 moleculesÆA˚)2. Hence, assuming a uniformly thin
surface coverage, an upper bound estimation for the surface
area of one splendipherin molecule is  7900 A˚2.
Splendipherin drift speed estimation
The initial drift speed, s0, of splendipherin from the surface







A. W. Perriman et al. Surface movement in water of splendipherin
FEBS Journal 275 (2008) 3362–3374 ª 2008 The Authors Journal compilation ª 2008 FEBS 3371
where D is the splendipherin diffusion constant
( 10)6 cm2Æs)1), c is the initial concentration of splendiph-
erin on the swab and dc=dxð Þ0is the initial splendipherin
concentration gradient at the surface of the swab.
For a concentration of 40 ng of splendipherin per 100 lL
of water deposited on the swab, c = 1.69 · 10)7 m, and
the initial drift speed is therefore:
s0 ¼ 5:9 dc
dx
ðcm2s1M1Þ:
The initial concentration gradient, dc=dx,can be
estimated by assuming that the concentration of splen-
dipherin on the swab is 1.7 · 10)7 m and 0 m in water.






¼ 89 A˚, then dc=dx  )0.2 mÆcm)1. As such,
the initial drift speed of splendipherin away from the surface
of the swab, s0  1.2 cmÆs)1.
The splendipherin drift speed will decrease as the initial
concentration gradient decreases. Assuming that the splen-
dipherin drift speed decreases exponentially as the splen-
dipherin moves through the water away from the swab, the
drift speed at the water surface (located 1 cm above the
surface of the swab) is  0.4 cmÆs)1. As such, we estimate
that it will take  1.4 s for the peptide to reach the water
surface, from whence the surface-active motion will com-
mence.
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Fig. S1. RQZ
4 versus QZ data and ﬁts (solid lines)
from 30 lL of a 1 mgÆmL)1 solution of splendipherin
spread at the air ⁄water interface at an area per mole-
cule of 550 A˚2 (black) and 344 A˚2(grey).
Fig. S2. RQZ
4 versus QZ data and ﬁts (solid lines)
from 30 lL of a 1 mgÆmL)1 solution of splendipherin
spread at the air ⁄water interface at an area per mole-
cule of 275 A˚2 (black circle) and 157 A˚2(grey square).
Fig. S3. RQZ
4 versus QZ data from 30 lL of a
1 mgÆmL)1 solution of splendipherin spread at the
air ⁄water interface at an area per molecule of 157 A˚2
(black circle). The solid lines show the resulting ﬁts
from a one-layer model (grey) and a two-layer model
(black), and the range on each axis is reduced to better
show the quality of ﬁt.
Fig. S4. CD spectra from 0.4 mgÆmL)1 solutions of
splendipherin containing varying concentrations (v ⁄ v)
of triﬂuoroethanol (TFE).
Fig. S5. NH to HN region of a NOESY spectrum
(mixture 150 ms) of splendipherin in triﬂuoroetha-
nol ⁄water (1 : 1 v ⁄v). NOEs between sequential NH
protons are indicated.
Fig. S6. Deviation of random-coil chemical shifts of
1H a-CH resonances of splendipherin in triﬂuoroetha-
nol ⁄water (1 : 1 v ⁄ v). A negative chemical shift differ-
ence indicates an upﬁeld chemical shift, compared with
the random-coil value.
Fig. S7. Deviation from random-coil chemical shifts of
13C a-CH resonances of splendipherin in triﬂuoroetha-
nol ⁄water (1 : 1 v ⁄ v). A positive chemical shift differ-
ence indicates a downﬁeld chemical shift compared
with the random-coil value.
Table S1. Chemical shift assignments from NOESY
and HSQC spectra for splendipherin.
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